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* Physics Motivation for
Coherent Elastic Neutrino-Nucleus
Scattering (CEVNS)

e How to measure CEVNS
— Production of neutrinos at SNS

— Detection with multiple
technologies

— Suppression of background
neutrons

« Status of COHERENT and other

aCt|V|t|eS “Wait a minute! Isn’t anyone here a real sheep?”
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CEVNS (pronounced sevens)

« Coherent Elastic Neutrino-Nucleus Scattering

» Flavor blind Neutral Current process that scatters
the entire nucleus as a whole

« To probe a “large” nucleus (few X 101> m)

« Recoiling nucleus is detection signature

2E?
E7* o~ MV ~ 50 keV Ey
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CEVNS Cross Section

e CENNS is the dominant
cross section at low

[ v Cross Section vs. Energy ]

o 10%

neutrino energy I ol
@ 10 s NUX_E
< . Coherent

. § 1 nuebar_Ar40
« As neutrino energy g

increases, incoherent g 10"

5

processes increase

40A ¢
1melastic

 Total coherent cross
section is linear in
neutrino energy at low
energy 10°

~ sy
................................
peanrenn LR Bt
P o Al
PO (e
A
e

electrons

10-711111 lllllllllllllllllllllllllllllllllllllllll

10 20 30 40 50 60 80 90 00
-‘Peutrino Energy (Mevx

New Mexico State University -

NM All About Discovery!
nmsu.edu 11/2/16 R.L. Cooper - P-25 Seminar 4

art
Pk
ot




Structure CEVNS Signal

 Standard Model Prediction

do  G% . 9 2 ME 2\ 2
=~ 0 - protons have small effect [ Detection Rate [ton-! year-]" ]

x10°

square of sum - part

. —— Prompt (v,), Ne
of coherence condition

....... Prompt (v,), Ar

............. Prompt (v ), Ge
nuclear form factor

_ ) _ —— Prompt (v,), Xe
- distribution of neutrons

* Recoil energy (M-1) and rate (N?)

102
Threshold (keV)

Events over thresh per yr per ton

'K. Scholberg, Phys. Rev. D73 (2006) 033005. arXiv:hep-ex/0511042.

New Mexico State University -

NM All About Discovery!
nmsu.edu 11/2/16 R.L. Cooper - P-25 Seminar 5




Physics Motivations for CEVNS

« Non-Standard Interactions

« Multiple targets can greatly 0.6
improve CHARM 04 |
experiment limits on NSI e
* Meaningful limits can be ﬂf_o;'z
set with first generation 04
experiments 0.6 |
« NSI may have significant 08
influence in DUNE CP- 08 06 04 -02 %ev 02 04 06 08 1

violation search’

5 =~ G5 ST 5 n (1 - )] % (P (1 — 70)g) + e gy (1 + 77)a))

\/5 q=wu,d

a7B=e7IJ’)T

(Plot) K. Scholberg, Phys. Rev. D73 (2006) 033005. arXiv:hep-ex/0511042.
M. Masud, A. Chatterjee, P. Mehta, arXiv:1510.08261 [hep-ph].
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Physics Motivations for CEVNS

o Non-Standard Inte raCtionS TABLE I. Constraints on NSI parameters, from Ref. [35].

. NSI parameter limit Source
* MUItIpIe tgrgets can greatly —-1<el <03 CHARM v,N, v,N scattering
improve CHARM —04 < elf <0.7
X . .. -03<¢ei <03 CHARM v,N, 7,N scattering
experiment limits on NSI —0.6 < &dF < 0.5
. . . le ] < 0.003 NuTeV vN, vN tteri
» Meaningful limits can be 6008 < e, < 0.003 S
; : ; |edL | < 0.003 NuTeV vN, #N scattering
set Wl_th first generation Che8 < o9 < 0,015
eXperlmentS lesh | <7.7x107* (4 — e conversion on nuclei
) . ledP| < 7.7 X 10™* M — e conversion on nuclei
* NSI may have significant ﬁl <05 CHARM v,N, 7,N scattering
. . e <0.5 CHARM »,N, p,N scattering
influence in DUNE CP- gt | <0.05 NuTeV vN, PN scattering
Vlolatlon Search1 |8;i£.| < 0.05 NuTeV vN, vN scattering
G
NSI F _ L\- R\_
£ = =05 2 e (=) (Ee (L = 2 4L+ 7))
q=wu,d
a,B=e,u,T

(Plot) K. Scholberg, Phys. Rev. D73 (2006) 033005. arXiv:hep-ex/0511042.
M. Masud, A. Chatterjee, P. Mehta, arXiv:1510.08261 [hep-ph].
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Physics Motivations for CEVNS

* Neutrino oscillations can use NC, flavor-blind CEvNS interaction to
look for L/E shape distortions and disappearance

s == x* Sigificance 100Kg, 3yr, Sm, Unbinned, Ex>10 ¢V
T [ = = 456kgAr
- b
£
< 10
- ‘ =4
3 g 3
1':' a :
g 5 E
| 90% CL sensitivity = .
| 99%CL sensitivity — 100 kg
3o CL sensitivity
101k LSND best fit . - Ge @ 1
- [ JLSND 9?% CL l t———— l | reactor
1 0-4 1 0'3 1 0-2 10'1 1073 1072
sin%(29,,) sin’ 2014

(Left Plot) A.J. Anderson et al., Phys. Rev. D86 (2012) 013004. arXiv:1201.3805 [hep-ph].
(Right Plot) J. Dutta et al., arXiv:1511.02834 [hep-ph].
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Physics Motivations for CEVNS

« CEVNS is irreducible background for deep
underground WIMP Dark Matter searches

« Supernova cross sections (or direct
detection) via CEVNS
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(Left Plot) J. Billard, E. Figueroa-Feliciano, L. Strigari. arXiv:1307.5458 [hep-ph].
(Right Plot) K. Scholberg, Phys. Rev. D73 (2006) 033005. arXiv:hep-ex/0511042.
'A. Drukier and L. Stodolsky, Phys. Rev. D30 (1984) 2295.
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More Physics Motivations for CEVNS

« Method to measure sin? 0y,

« Neutrino magnetic moment distorts

recoil spectrum
 Low-mass Dark Matter searches
* Nuclear physics form factors
* Nuclear safeguards
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(Bottom-Left Plot) K. Patton et al., Phys. Rev. C86 (2012) 024612 arXiv:1207.0693 [nucl-th].
(Bottom-Right Plot) Horowitz et al, Phys. Rev. D86 (2012) 013004. arXiv:1201.3805 [hep-ph].
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Neutrino Production at the SNS

* 0.9-1.3 GeV protons on liquid » Pulsed at 60 Hz for ~400 ns

mercury target produces n* - few X 10 duty (steady-state
. Total power: 0.9-1.4 MW background reduction)
ot = ot « 43 %108 v/cm?/s 20 m at SNS

ut et @ maximum power (1.4 MW)

Target Container
Cooling Channels -

' Stainless Steel
Target Container

% 0123456789171 12ndes
% N T WU S W v G o W - |
] 0 W M 2 30 contimeters
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Neutrino Production at the SNS

* 0.9-1.3 GeV protons on liquid » Pulsed at 60 Hz for ~400 ns

mercury target produces n* - few X 10+ duty (steady-state
« Total power: 0.9—1.4 MW background reduction)
at = ut e 43x108 v/cm?/s 20 m at SNS
ut et @ maximum power (1.4 MW)
wbE T o0fF- .,

fﬁ Prompt v, from =
' decay in time with
the proton pulse
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Aside: Why Not a Reactor?

« High flux of electron antineutrinos
is very alluring ~102°

* Energy spectrum is few-MeV
» Cross section goes as E,
* Recoil energy goes as E 2

* No pulsing, just reactor on/off cycle
to measure backgrounds

3 4 5 6 7 8
E [MeV]

'H. Murayama & A. Pierce, Phys. Rev. D65 (2002) 013012. arXiv:hep-ph/0012075.
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Aside: Why Not a Reactor?

High flux of electron antineutrinos

is very alluring ~102° [ CEvVNS Rate vs. Neutrino Energy ]
~10°g
E trum is few-MeV < | —=
nergy spectrum is few-Me 31042_ 30 MeV v's
« Cross section goes as E, §10°
E - )
Z - 3 MeV v’s
« Recoil energy goes as E,? b3
ing. i 10 f f
* No pulsing, just reactor on/off cycle - or same flux
to measure backgrounds oL R
107 10"

1 10
Recoil energy (keV)

'H. Murayama & A. Pierce, Phys. Rev. D65 (2002) 013012. arXiv:hep-ph/0012075.
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Comparing “Stopped” Pion Sources

from duty cycle
T
210°

BNB,  CSNS ¢ il

’ \
better [BIVAE«]}
suppression is
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by muon lifetime
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x v flux

'Plot from K. Scholberg
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Physics Goals for COHERENT

« Measure N? dependence across multiple targets
* Deploy detectors in low-neutron-background basement area
« Measure relevant neutrino-induced neutrons and quenching factors

Nuclear Technology Mass Distance Recoil Data-taking start
Target (kg) from source | threshold | date; CEVNS
(m) (keVnr) detection goal
CslI[Na] Scintillating 14 20 6.5 9/2015; 3cin 2 yr
Crystal
Ge HPGe PPC 10 22 5 Fall 2016
LAr Single-phase 35 29 20 Fall 2016
scintillation
Nal[TI] Scintillating 185* 28 13 *high-threshold
crystal /2000 deployment started
July 2016
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Physics Goals for COHERENT

« Measure N? dependence across multiple targets
* Deploy detectors in low-neutron-background basement area
« Measure relevant neutrino-induced neutrons and quenching factors

37 I I e
10 :'::':f:f:[:'::'::'::':z‘g%Eé';E';E:'::'::'::':!:'::'::'::':ﬂ::':f:f:f:!:'::'::'::':f:f:f:'::'::ﬁ:'::'::'::' — Csl delayed (20 m, l4kg)

. sl prompt
i - ———— Ge delayed (22 m, 10kg)

----- Ge prompt
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Neutrino “Alley”

 Utility corridor has 22.5 m? for neutrino experiments and is largely
decoupled from SNS operations; accessible via truck bay

* 1.5 m concrete floor supports large shielding structures
« 8 m.w.e. overburden and engineered backfill > neutron quiet
* 40 kW dedicated power install in October 2016

X NEUTRINO SOURCE NIN

View looking down
Neutrino Alley
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Na doping reduces afterglow
seen in common Tl doping

— Tl doping insufficient for
near-surface experiment

e Csand | surround Xe in
periodic table, very similar

nuclear recoil response ER M
- Statistical nuclear-/electron- s P,
recoil separation P
 Quenching factors measured 3
- 5 keVnr is easily achieved i
1J.1. Collar et al., Nucl. Instrum. Meth. AT73 (2015) 56. B W (“‘; e
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Detector Subsystems: Csl[Na]

14 kg installed and running since _ Fanes,
July 2015 in neutrino alley F O T
 Pb, water, and plastic shield o_ﬁﬁwr*j P N |
» Significant work on quenching aos . 1 x
factors has improved shows S "“ .

CEWNS is within reach T

« Steady state backgrounds are
10-20% less at ORNL

* Neutrino-induced neutron
backgrounds reduced to 4% with
improved HDPE shield

 Results soon!

—-— 1
o o o

s.cta./PE 14kg 3yr

10° b

/ PE kg year

10" L

counts

10" |

1J.I. Collar et al., Nucl. Instrum. Meth. A773 (2015) 56. S ST - N

number of photoelectrons (PE)
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Detector Subsystems: Nal[Tl]

e
« Born from discontinued DHS “ A

program; ~8 tons of Nal available

« 185 kg prototype for initial
deployment

« 2 ton next phase deployment
 Up to 9 tons available

« NC CEvVNS interaction

* Also CC interaction with v,

* https://twitter.com/NalvE SNS

multi-tC
““re ""'l‘(’?(l/p,(f ) Uo ’Hl()pp(?d [ KAKMEN 200 = 1U(stat) £ 43(sys) ’Zb‘l [Shell] (Kolbe et al., 1YYYa)
Ga | Ga(ve,e” )" Ge | Cr source GALLEX, ave.|0.0054 £ 0.0009(tot) 0.0058 [Shell] (Haxton, 1998)
"1Cr SAGE 0.0055 £ 0.0007(tot)
| ""Tm source SAGE 0.0055 # 0.0006(tot) |0.0070 [Shell] (Bahcall, 1997)
it .l”l(ur.(t )”7Xo |Stopped 7/ |LSND 284 + 91(stat) + 25(sys) |210-310 [Quasi-particle] (Engel et al., 1994)

1J.A. Formaggio and G. Zeller, Rev. Mod. Phys. 84 (2012) 1307.
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Detector Subsystems: Liquid Argon

LAr Condenser chamber =

- Single-phase, scintillation only §™ S & NI

« Builtat FNAL by J. Yoo et al.
» 35-kg fiducial volume A
35-kg (active volume)

« Readoutis 2x Hamamatsu  JESl VA SRR 1 ar detcctor chamber |
R5912-02MOD PMT (8” ‘
cryogenic, high-gain)

 Excellent nuclear-/electron-

recoil PSD demonstrated by
miniCLEAN

« SCENE has measured
quenching factors’

« 39Ar helped by PSD and duty factor

R5912-02MOD
(8"PMT)

'H. Cao et al., SCENE Collaboration, Phys. Rev. D91 (2015) 092007. arXiv:1406.4825 [physics.ins-det].
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* |nitial construction at
Indiana University in
Summer 2016

» Detector moved to SNS

« Construction is underway &= |

« Running expected in i
December

e SNS run will contain
shielding (inner layer to
outer layer):

— 23 cm water
— ¥’ Cu
— 4”7 Pb

N o oy T N ; ; | i

"y - % ’ o .'\\‘. ! A
[ 7. ) = ki \

N f /’/‘,: . ! y
R R \
4 ( 3\ B " it R
’/ y S 5 / \ - -
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Detector Subsystems: Liquid Argon

* |nitial construction at
Indiana University in
Summer 2016

« Detector moved to SNS
« Construction is underway

* Running expected in
December

e SNS run will contain
shielding (inner layer to
outer layer):

— 23 cm water
— ¥’ Cu
— 4”7 Pb
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Detector Subsystems: Liquid Argon

* Initial construction at

: : H H 1[}3 L I B L L I L ) B L L L L L L B B BN LB O
Indiana University in simulated CEVNS signal, I
Summer 2016 10° backgrounds in LAr detector - beam retated neutjon bes

--------- Phb-210 bgs

- -~ Emvironmental Gammas

« Detector moved to SNS
« Construction is underway -

* Running expected in
December

yr

|
<

counts keVee
H.
=
[R*]

. . 10.3 ....................................................................
* SNS run will contain )
shielding (inner layer to 0
5
outer layer): 107
O by e e e by e ey
— 23 cm water 10 6 8 10 12 14 16 18 20 22 24
energy keVee
— 72" Cu
— 4" PDb
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Detector Subsystems: Germanium

« HPGe PPC type that have
excellent low-energy resolution
and low threshold

* Repurposing of Majorana
Demonstrator and LANL "2Ge
detectors

« First phase is 5-10 kg of 35 ——
existing BeGe detectors in a
copper, lead, and polyethylene
shielding system

« Second phase could add more
detector mass with larger (C4-
style) detectors

 Quenching factors well known — °”  Recoil Energy fkev,

NM New Mexico State University
STATE All About Discovery!
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Neutron Backgrounds: Sandia NSC

 Sandia Neutron Scatter Camera

o 2 Planes of EJ-309 neutron detectors
(neutron/gamma PSD)

« Reconstruct neutron direction and energy
« Optimizable plane spacing

Incoming
particle (E)

Scintillator
detectors

Scintillator
detectors

Scattered
particle (Eg)

Particle direction
constrained to cone
surface

IN. Mascarenhas et al., I[EEE Trans. Nucl. Sci. 56 (20109) 1269.
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Neutron Backgrounds: Sandia NSC

» Mapped neutrons across SNS

« Significant rate drop from
guide hall to basement
locations

——— Beamline-14a
—— Beamline-8
———— Basement 0.5 m.w.e.

—— Basement 8 m.w.e.

AT

-l I

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

New Mexico State University -

NM All About Discovery!
nmsu.edu 11/2/16

* “Prompt” component visible

« “Delayed” neutrons in
basement significantly
suppressed

- -—- BeamLine-14a prompt
BeamLine-8 prompt
BeamLine-14a delayed

- 10 ———— BeamLine-8 delayed @  _____
w
- 1 === - Basement 0.5 m.w.e. prompt
>
R [ Basement 0.5 m.w.e. delayed
§ 10 I Basement 8 m.w.e steady-state
s
S 1072
g
3
210
10
107
10°°

0 20 40 60 80 100 120 140 160 180 200

neutron energy (MeV)

R.L. Cooper - P-25 Seminar
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Neutron Backgrounds: SciBath

« 80 L liquid scintillator
768 WLS fibers readout
-> event topology

* No optical separation
and uniform tracking
efficiency

detector
| active volume

g Wavelength-shiftin
fibers

liquid scintillator
plumbing/containment

Liquid scintillator

IR. Tayloe, Nucl. Instrum. Meth. A562 (2006) 198.

NM New Mexico State University —
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Neutron Backgrounds: SciBath

* Measured at LAr site in SNS Neutrino Alley

* Prompt flux (5-30 MeV) 2 (2.1 = 0.4) X 10° m2 us' MW-'

« Delayed flux 2 (1.9 = 0.7) X10° m2 us™* MW-'

* Fluka transport neutrons = (3.2 = 0.3) in ROI per year (prompt)

4 Prompt SNS n Flux SNS Timing Plot (BKG Sub)
x10
= 2 ® F " -
a c 50 % fiducial
v B —|— Stat. Errors 400 —
L _ Z : Ereco > 1 MeVee
> [ - Stat. + Syst Errors B numHits > 6
E 1_5__|_ 3001— ot,, <100 ns
- 200
11— C
B - 100|—
0.5_— '_'_ 1
- off
B -+ [
0 L : . b1 0oty | | 100—
10 o le(l)éiézlsw
True Kinetic Energy (MeV) - B Time to POT (us)
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Neutrino Induced Neutrons (NINs)

g i Pb v, NIN total
« Pb shielding interacts with v, and can ’rgm.— P
break-upto1nor2n g i — Ge CEWNS

« Shield can give CEVNS backgrounds

* “Neutrino Cubes” testing neutron
production from Pb, Fe inside water shield

o https://twitter.com/theLeadNube

....
.....

ad

~ -
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Quenching Measurements

« Chicago has used commercial D-D neutron generator

« Duke group at TUNL have created a tunable p-’Li and D-D neutron
sources to test low-energy nuclear recoils for quenching factor
measurements

TUNL Setup Chicago Setup

New Mexico State University -
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counts keV' 2 t' y!

1000
900 —
800 —
700 '
600 —

400 £
300 |-

=

Conclusions

COHERENT is deploying a suite of detector technologies in the
neutron-quiet SNS basement

First light measurement to test N> dependence
Sensitivities shown below (LAr is being completed)
LAr expects ~300/700 events on ~100/900 steady-state

backgrounds in a year in prompt/delayed region

Delayed Window

500 |-

200 =

100 £

subtracted signal
rrrrrrrrrr

I '
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2 .:‘
H o502
— e
| S—

SS-subtr. cnts keVee! yr!

0 Lol L
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MeVee

energy keVee

700 r .
- e CEWNS + NINs
600 -
[ == NINs
500 |-
[ steady-state bgs = 1-0
400 [
300
200 f
100 f
0 TS oo P [omcc—p=ecz-
02 03 04 0.5 0.6 0.7 08

SS-subtr. cnts keVee' yr!

120

100 |

o
=
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=3

-
=

[
]
T

CEWS + NINs

NINs

internal fi's &ys= 10
Y (yn)inPbslo
I (.. n) in concrete & polys 1<

10 11

2 3 4 5 6 7 8 9
energy keVee

New Mexico State University -

TATER S

S

All About Discovery!

11/2/16

R.L. Cooper - P-25 Seminar

33
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